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Background: Cortical reorganization and pain memory are theories to explain phantom limb pain and other postamputation phantom phenomena. This study was undertaken to identify evidence of cortical reorganization in lower limb amputees and to find evidence for the pain memory theory. Methods: This was a qualitative interview study using structured questionnaires with lower limb amputees. Participants were asked to identify body areas and activities that stimulate postamputation phantom phenomena to confirm the cortical reorganization theory. We tested the pain memory theory by comparing traumatic amputees with surgical amputees. Results: A total of 122 participants (response rate 42%) were recruited. Prevalence of postamputation phantom phenomena was similar to previous studies with phantom pain reported as 84%. Twenty (16.3%) identified body regions that could stimulate postamputation phantom phenomena and 32 (26%) identified activities that could stimulate postamputation phantom phenomena. Not all body areas or activities were related to somatotopic regions adjacent to the leg on the sensory homunculus. Overall, 47 (38.2%) exhibited attributes suggestive of cortical reorganization into areas adjacent to the leg. No associations were found between presence of pain or length of time in pain before amputation and the presence of phantom pain (p ¼ .1-1.0). No statistical difference was found between surgical and traumatic amputees for any postamputation phantom phenomena (p ¼ .3-1.0). Conclusions: The cortical reorganization and pain memory theories for the development and maintenance of postamputation phantom phenomena have only limited support from our data. Taking this into account, it may be worth reopening the debate on the mechanism for postamputation phantom phenomena, including phantom limb pain. The cortical reorganization theory and memory theory for the mechanism of phantom limb pain are questioned by these results. Both may play a role, but neither can explain the presence of postamputation phantom phenomena on their own. Ó 2018 by the American Society for Pain Management Nursing
After amputation several phantom phenomena, including phantom limb awareness (PLA), phantom limb sensation (PLS), and phantom limb pain (PLP), have been reported (Bj€ orkman, Lund, Arn er, & Hyd en, 2012; Giummarra, Gibson, GeorgiouKaristianis, & Bradshaw, 2007; Hunter, Katz, & Davis, 2008) . Reported prevalence and incidence figures for each sensation vary, with PLP experienced by between 50% and 80% of limb amputees (Kooijman, Dijkstra, Geertzen, Elzinga, & van der Schans, 2000; Nikolajsen, Ilkjaer, Christensen, Kroner, & Jensen, 1997; Richardson, Glenn, Nurmikko, & Horgan, 2006; Wartan, Hamann, Wedley, & McColl, 1997) .
Multiple mechanisms for the development of PLP have been proposed, with the peripheral nervous system, the spinal cord, and the brain all being implicated (Weeks, Anderson-Barnes, & Tsao, 2010) . Many theories, such as the neuromatrix theory (Melzack, 1989) , the pain memory theory (Katz & Melzack, 1990) , and several neural circuitry theories (Canavero, 1994; Harris, 1999; Kingham, 1994) , have been published, but none has been fully elucidated or widely accepted.
Ramachandran's classic work on upper limb amputees implicated cortical reorganizations in the mechanism causing PLP (Ramachandran, RogersRamachandran, & Stewart, 1992) . In some of his small sample Ramachandran found that sensations could be elicited in the phantom arm when the face, stump, or shoulder was stimulated.
Since that study, cortical reorganization in upper limb amputees has been confirmed using brain imaging techniques such as functional magnetic resonance imaging (Lotze, Flor, Grodd, Larbig, & Birbaumer, 2001; MacIver, Lloyd, Kelly, Roberts, & Nurmikko, 2008) . A shift in the receptive fields within the sensory homunculus of the cortex is seen, and the areas previously adjacent to the region covering the arm (face and stump) take over that zone. Additionally, the presence of PLP in upper limb amputees has been found to be positively correlated with the scale of the reorganizations identified in the cortex (Flor et al., 1995 (Flor et al., , 1998 Nikolajsen & Jensen, 2001) . Therefore, the greater the reorganization, the more likely that PLP will be experienced, which suggests (although it is not often discussed) that the nonpainful sensations (i.e., PLA and PLS) may be caused by less reorganization or other mechanisms entirely.
Recently researchers have questioned the role of cortical reorganization in the development of PLP and other phantom sensations by finding additional reorganizations in brain networks and proposed that activity in the limbs may be an important factor (Hahamy et al., 2015; Makin, Filippini, et al., 2015; Makin, Scholz, Henderson Slater, Johansen-Berg, & Tracey, 2015) .
In lower limb amputees, Chen et al. (1999) used transcranial magnetic stimulation to identify increased hyperexcitability in the stump muscles of the amputated leg (Chen, Chen, Kao, Wu, & Liao, 1999) , and Schwenkreis et al. (2003) , also using transcranial magnetic stimulation, found evidence of significant asymmetry of the cortical representation of the quadriceps muscles of amputated and intact legs. These studies suggest reorganization of the cortical representation of the leg after amputation, but it is difficult to make conclusions based on this very limited evidence. It is unclear yet if these reorganizations follow the same pattern as that found with upper limb amputees, but clinical experience suggest that they might (Richardson, 2008) .
Fewer brain imaging studies have been performed on lower limb amputees, presumably because of the difficulties of identifying the specific areas of interest as a result of the smaller cortical representation of the lower limbs and adjacent body parts along the sensory homunculus. Perhaps it may be better to return to Ramachandran's study style and test to see if lower limb amputees report sensations in the areas adjacent to the leg on the sensory homunculus.
Using the Penfield map of the sensory homunculus as a guide, if reorganizations after lower limb amputation follow the same pattern as suggested for upper limbs, they should occur in the somatotopic representations of the stump, abdomen, and perineal/genital region, because these are found either side of the leg in the same way as the face and the stump are for the arm. Should such reorganizations occur, it would be clear that there would be significant quality-of-life issues associated with the resultant painful or nonpainful sensations. Nurses would need to be aware of the potential effects on multiple activities of daily living and prepare and plan for their amelioration in care plans.
This study was designed to determine what stimulates PLP and other postamputation phantom phenomena to identify links to cortical reorganization and to see if there is support for the pain memory theory.
METHODS
This was a qualitative interview study using structured questionnaires that were completed with lower limb amputees.
Ethics
Ethical approval was obtained from our local National Health Service Medical (11/NW/0277) and University Ethics Committees, and full research governance approval was obtained before participant recruitment. Full informed written consent was obtained, and the right not to participate and to withdraw at any time was explained.
Aim
Our aim was to elucidate further the potential mechanisms that cause or are associated with the development of postamputation phantom phenomena (PAPP) in lower limb amputees.
Objectives
The objectives of the study were as follows:
1. To identify activities that produce or exacerbate PAPP in lower limb amputees 2. To identify areas of the body that stimulate or exacerbate PAPP in lower limb amputees 3. To confirm that the stump, abdomen, and genitals/perineum are involved in the referral of PAPP in lower limb amputees 4. To explore whether the factors identified in objectives 1 and 2 can explain the currently proposed mechanisms for PAPP including PLP 5. To compare findings from traumatic amputees with those from surgical amputees
Sample
Patients were recruited from a Specialized Ability Centre (SAC) in the northwest of England. The SAC is a regional center with more than 2500 registered patients. Each weekday the SAC reviews up to 70 patients who attend to be assessed by individual or multiple members of the multidisciplinary team.
Sample Size
Cross-sectional studies cannot be powered; however, estimates can be calculated based on the comparative statistics to be used. Clark-Carter (1997) produced tables designed to enable calculation of sample sizes from power and effect size based on the original calculations of Cohen (1987) . Using an effect size of 0.5 and power .80, sample sizes of 60 are required for betweenparticipant t tests (p608), and 35 for within-sample t tests (p610). The c 2 estimations, which approximate to the needs for Fisher's exact test, required a sample of 60 (df ¼ 10, p619) using the same effect size and power.
One important comparison to be made for studies looking into the mechanism of PLP is between traumatic and surgical amputees. Because there are smaller numbers of traumatic amputees (NASDAB, 2008) , a larger sample size is required for meaningful data to be produced. Our strategy to account for this was to recruit consecutive amputees until 60 was reached. After this point, traumatic amputees were preferentially targeted for the rest of the study. The reasoning behind this was that pragmatically (because of access to the research nurse) we were only able to recruit on 1 day a week for 9 months, and based on the assessment that 5 interviews could be performed per day (calculated by time taken with each interview and taking account of returnees), then the maximum sample was considered to be 120.
Inclusion Criteria
Inclusion criteria were as follows:
Older than 18 years of age Unilateral or bilateral lower limb amputee Amputation occurred at least 6 months ago Stump has fully healed and has no ulcerations present Exclusion Criteria Exclusion criteria were as follows:
The presence of a psychiatric disorder The presence of a wound, ulcer, or broken skin on the stump Unable to comply with the completion of the outcome measures Data Collection Participant characteristics collected included age, sex, type of amputation, reason for amputation, and time since amputation.
The phantom phenomena questionnaire (Richardson et al., 2006) was devised to describe and differentiate postamputation phantom phenomena. This was used to ensure that the participants were sure of the different phenomena and was able to differentiate them.
An interview grid was used to capture the information about what stimulates PAPP. This was devised for this study and included two sections. Using the grid, a research nurse questioned each participant individually. For section 1 the nurse asked the participant to state whether touching each area of the body stimulated PAPP, and if so, which form (i.e., PLP, PLS, or PLA). It is stressed that no actual touching occurred; they were asked to remember back to times when each area was touched previously. For section 2 the nurse asked whether activities of daily living and living conditions (e.g., weather) stimulate PAPP, and if so, which form (i.e., PLP, PLS, or PLA). Having already used the phantom phenomenon questionnaire, we were sure that the participants were able to differentiate between each type of sensation.
Analysis
The questionnaires from the interviews were inputted into SPSS Version 20. Comparative statistical analyses were performed to identify associations between PAPP and preamputation circumstances such as presence of pain using Fisher's exact tests to measure the level of association with cross-tabulations.
While undertaking the data collection we became aware that participants recorded as requiring the amputation for trauma were heterogeneous. Although many lost their leg at the time of trauma, some were delayed and removed surgically. All had some form of surgical hygiene of the stump site, which may play a role in the mechanism of PLP. To try to capture the data as purely as possible, we chose to distinguish those who had immediate amputation (within 48 hours of the traumatic event) and those whose amputation was delayed and therefore potentially more similar to surgical amputation.
RESULTS
A total of 290 participants were sent information sheets through the post a week before their impending appointment at the SAC, and 122 (42%) were recruited. Figure 1 shows the recruitment into the study. Participant characteristics are found in Table 1 . A total of 72% were male, and the mean age was 57.8 (standard deviation [SD] 14.5). The majority (68%) had below-knee amputation, and 56% had the amputation for more than 10 years. A total of 46% (n ¼ 56) had their amputation as a result of trauma, and of these, 31 (25% of the total number of amputees) lost the limb within 48 hours of the trauma, whereas 25 (21%) had a delayed amputation of more than 48 hours.
Postamputation phantom phenomena are summarized in Table 2 . Most participants were aware of a phantom (PLA ¼ 96%), 90% experienced exteroceptive sensations (PLS) within the phantom, and 84% had PLP. PLP was fluctuant in nature with a wide range of numbers of episodes per day and a variety in the length of each episode.
From section 1 of the interview grid, 20 participants (16.3%) stated that touch would evoke PAPP from 10 different body areas (head, face, shoulder, arm, back, abdomen, leg, stump, buttocks, and genitals). Most identified several different body areas, and it was variable as to which PAPP was stimulated. A total of 85% of these identified body areas (17/20) were consistent with those adjacent to the leg on the Penfield map. Three participants identified areas that were not adjacent to the leg on the sensory homunculus. These were the back (n ¼ 2) and a toe on the intact leg (n ¼ 1).
Data from section 2 of the interview grid identified 21 activities and conditions that stimulated PAPP (Table 3) . Walking/exercise/moving were cited the most, with sitting quietly, changing temperature, and sleeping being mentioned by more than half of the participants. Different PAPP could be evoked at different times by the same activity. Thirty-two participants (26%) identified activities that could be linked to the body areas adjacent to the leg on the Penfield map. Use of prosthesis, micturition, defecation, and sexual activity were all identified but in much smaller numbers than activities that are not related to these areas.
There was some overlap between participants stating that either touch or activity could set off PAPP; for example, participant 13 said that PLA would be elicited by touching the stump and that PLS would be set off by micturition. To obtain an accurate figure for the number of participants who identified touch-or activity-related generation of PAPP, those who acknowledged both were only counted once. This meant that a total of 47 different participants (38.2%) exhibited attributes that would be suggestive of cortical reorganization from the leg area to adjacent areas of the sensory homunculus. A series of cross-tabulations were undertaken to find out if there was an association between the presence of PLP and the length of time in pain before amputation. No statistical significance was found for the boundaries of less than 1 week (n ¼ 9; p ¼ 1.00), less than 1 month (p ¼ .10); less than 6 months (p ¼ 1.00), and less than 1 year (p ¼ .81); because of small numbers in each cell, cross-tabulation was not possible between those who had pain for more and less than 1 year. No association was found between the presence of PLP and preamputation pain intensity scores, with boundaries of 5 out of 10 (p ¼ .21) and 3 out of 10 (p ¼ .06).
No statistical differences were found between surgical and traumatic amputees for presence of PLA (p ¼ 1.00), PLS (p ¼ .33), or PLP (p ¼ .58). In addition, there were no statistical differences found between the length of time since amputation and the presence of PLA (p ¼ 1.00), PLS (p ¼ .23), and PLP (p ¼ .71).
DISCUSSION
The results from this study do not seem to corroborate either the cortical reorganization or pain memory theory for the mechanism of PLP. For the cortical reorganization theory to have been verified we would have expected a majority to identify body areas that referred PAPP when touched or during activities associated with those areas. A maximum of 38.2% of the participants identified referral into their phantom from touch or associated activities from the implicated areas of the sensory homunculus. Areas of the body located remote to the adjacent areas of the sensory homunculus (the back and toe of intact foot) were identified to have the potential to stimulate PLP and other PAPP. Giummarra et al. (2011) , when exploring factors that stimulate PLP, found that upper and lower limb amputees were equally likely to experience referred sensations into the genitals, which also seems to contradict the homuncular remapping hypothesis.
Many activities that are not associated with areas adjacent to the leg on the sensory homunculus were identified to stimulate PAPP, with the most implicated being sitting quietly and sleeping. This may be a statistical anomaly caused by the high prevalence of PLP in our population of amputees (84%). In particular we wanted to find out if activities associated with the stump and perineum/genitals were more likely to stimulate PAPP; however, only 32 (26%) implicated these areas as stimulating PAPP. It would be expected that if cortical reorganization of the kind described by Ramachandran et al. (1992) in their initial studies were the main mechanism for PAPP, then more than one quarter of a cohort of 122 amputees would identify PAPP being stimulated from the stump and perineal/genital regions. Our results resonate with a study of eight upper limb amputees and eight controls (Knecht et al., 1996) , in which multiple referral sites (34 ipsilateral and 31 contralateral) were identified all over the body, most being unrelated to the adjacent areas of the sensory homunculus.
As we became aware that our results were contrary to current understanding of the mechanism for PLP, it was necessary to explore how and why this may be the case. Although cortical reorganization has been widely studied in upper limb amputees, there are few if any robust prevalence studies to compare the 38.2% found here in lower limbs. Ramachandran's original study of upper limbs (Ramachandran et al., 1992) identified that 8 out of 18 (44.2%) had reorganization into the face area, whereas other studies were generally small case series with no prevalence given or calculable from the data supplied. In a recent upper limb amputee study designed to reassess the relationship between cortical reorganization and PLP (n ¼ 18), it was found that the reorganizations were not sufficient to invade the hand area of the sensory homunculus (Makin, Scholz, et al., 2015) . This confirmed an earlier finding in upper limb amputees (n ¼ 18 plus 11 congenital amputees and 22 intact individuals) that found that chronic PLP was associated with the hand area remaining intact structurally and functionally (Makin et al., 2013) , suggesting a need to reevaluate the belief that cortical reorganizations have a causal relationship to PLP (Schwenkreis et al., 2001) . It is known that several areas of the brain reorganize, alongside the sensory areas, after amputation (Karl, Birbaumer, Lutzenberger, Cohen, & Flor, 2001; Lenz, Garonzik, Zirh, & Dougherty, 1998; Willoch et al., 2000) . These reorganizations may contribute to the development or maintenance of PLP and the other PAPP, or they could be caused by these phenomena (Makin et al., 2013; Makin, Filippini, et al., 2015) . Further studies are required to establish the role of cortical reorganizations in the development or maintenance of PLP.
Our results do not confirm the pain memory theory. Several studies exploring predictive factors for PLP have produced results that also contradict the pain memory theory (Alamo Tomillero et al., 2002; Dijkstra, Geertzen, Stewart, & van der Schans, 2002; Richardson, Glenn, Horgan, & Nurmikko, 2007) . We tried to identify whether the length of time in pain before amputation makes a difference because some animal studies suggest a greater likelihood of PLP the nearer the preamputation pain is to the amputation (Abad, Feria, Sanchez, & Gonzalez Mora, 1998) . Although some of the comparator groups were small, our results suggest no link between PLP and preamputation pain of duration less than a week and up to a year. Additionally, we found no association between the presence of preamputation pain and the presence of PLP or between the intensity of the preamputation pain and PLP.
The role of preamputation pain in the development of PLP remains controversial (Foell, Bekrater-Bodmann, Flor, & Cole, 2011) , with many studies finding associations between them (Hanley et al., 2007; Houghton, Nicholls, Houghton, Saadah, & McColl, 1994; Jensen, Krebs, Nielsen, & Rasmussen, 1985; Krane & Heller, 1995; Nikolajsen, 2012; Nikolajsen, Ilkjaer, Kroner, Christensen, & Jensen, 1997) . Variations in results are probably caused by research methodological differences, and resolution will only be achieved by larger and more robust study methods.
No differences were found between trauma and surgical participants. We identified those participants who had experienced traumatic amputation at the time of the injury and compared these with all forms of surgical amputation, including those who suffered trauma that eventually led to the surgical removal of the leg. No difference was found (p ¼ .58), although the numbers of immediate amputation were small in comparison. Calculations were also performed comparing all those recorded as amputation caused by trauma. This was to verify that our judgment on what constituted immediate amputation was correct. No difference was found (p ¼ .52).
It is important for nurses to understand the implications of cortical reorganization after amputation because there is potential to have a significant effect on quality of life by influencing several activities of daily living. Nursing care of people after amputation needs to take account of the potential for the referral of sensations, including pain, into body areas that are distal to the missing limb. Although our results cast doubt on the cortical reorganization theory being the complete mechanism to explain PLA, PLS, and PLP, it is clear that after lower limb amputation, a significant subset of individuals experience referral of sensations, including pain, into their phantom during sexual activity, micturition, and defecation. This means that nursing care may need to be adjusted. This adjustment should be based on the role that cortical reorganizations play in PAPP and specifically for PLP. It is important to identify the signs that each individual experiences and create care plans that take account of the potential referral patterns related to the sensory homunculus. Nursing care plans also need to account for individualized and potentially nonintuitive factors that stimulate or maintain PAPP.
Limitations A relatively small sample size was recruited for this study, and multiple statistical tests have been used, risking the introduction of type II errors. This was also a study reliant on memory of participants. Memory may change over time. In the interviews participants were asked to think about which areas of their body would stimulate PAPP rather than actually touching them. It is therefore possible that they have over-or underreported areas that stimulate PAPP. Similarly, they were asked about activities that stimulate PAPP rather than being asked to perform those activities, which may affect the results. It is appreciated that discussing topics such as micturition, defecation, and sexual activity is sensitive, and some participants may not have wanted to disclose such personal information; therefore, there is a risk of underreporting. We specifically employed an experienced nurse to try to maximize the potential to develop connections within the interviews and heighten the chances that participants would disclose such sensitive data.
